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ABSTRACT

Explosions are often conducted in complexes with chambers, tunnels, and shafts used for access and
instrumentation. These structures can act as strong scatterers of seismic waves and complicate the radiation patterns
from explosions. The objectives of this project are (1) to study the effects of these near-source scatterers on seismic
waves radiated from explosions, and (2) to use a wavelet domain based moment-tensor inversion scheme to
determine “explosive” and “multicouple” components of the source.

During the first phase of the project, emphasis has been on forward modeling. A three-dimensional (3-D) variable
grid finite-difference code was used to model the effects of cylindrical cavities located near an explosion source.
The presence of a cylinder results in strong scattering into P and S waves, and the reverberation of energy in the
cylinder. Waves going around the cylinder and those reverberating inside continue to radiate long after the initial
explosion. The observed wave trains are longer than those of the explosion alone. A cylinder near an explosive
source scatters energy into P, SV, and SH waves. The P and S waves are separated by calculating the divergence
and curl of the displacement fields. The relative significance of factors contributing to scattering (e.g., size,
proximity to explosion, orientation, etc.) is investigated. Synthetic seismograms are used to test the performance of
moment-tensor inversion and its ability to separate the volumetric and shear components of the source. With good
azimuthal coverage, the moment-tensor shows significant shear components in the presence of a scatterer.
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OBJECTIVE

An explosive source in a laterally homogeneous layered half-space generates P, SV, and Rayleigh waves, but not SH
or Love waves. However, seismograms from a large number of explosions show nonisotropic radiation patterns for
P and Rayleigh waves, and prominent SH and Love waves. The near-source contribution to nonisotropic radiation
of P, Rayleigh and SH waves generated by an explosion can be attributed to three mechanisms. First is the tectonic
strain energy released by the explosion, resulting in a composite source consisting of an explosion and a double
couple (e.g., Archambeau and Sammis, 1970; Toksoz et al., 1965; Toksoz and Kehrer, 1972; Wallace et al., 1983,
1985; Priestley et al., 1990; Schlittenhardt, 1991; Stump et al., 1994; Patton and Taylor, 1995). The second factor
that contributes to the nonisotropic seismic radiation pattern from explosive sources is the shape of the explosion
cavity and the location of the explosive source in that cavity (Rial and Moran, 1986; Stevens et al., 1991; Zhao and
Harkrider, 1992; Ben-Menahem and Mikhailov, 1995; Gibson et al., 1996; Ben-Menahem, 1997; Imhof and Toksoz,
2002). The third mechanism contributing to complex seismic radiation from an explosion is the near-source
scattering (Gupta et al., 1990; Johnson, 1997; Ben-Menahem, 1997; Imhof and Toksoz, 2000, 2002). This
mechanism could be significant when strong scatterers are present near the source.

The objective of this research is to study the role of scattering from near-source structures such as tunnels, shafts,
adits, and surface topography in the generation of complicated radiation patterns and SH waves from explosions. In
addition, the study will test the performance of moment-tensor inversion to separate the isotropic (i.e., explosion)
and multicouple components of the source as an aid to seismic discrimination.

RESEARCH ACCOMPLISHED

A three-dimensional (3-D) finite-difference (FDTD) program was developed to model wave propagation and
scattering in heterogeneous media. The program utilizes a variable grid implemented through a grid-stretching
technique. The code is parallelized to be run on a computer cluster. Initial calculations were directed to 3-D
forward modeling with an explosive source and a finite-length tunnel in a homogeneous medium. The calculations
show strong P to P and P to S scattering and a complicated radiation pattern. A simple moment-tensor inversion
using the calculated seismograms shows that there is a double couple component, but the isotropic component is still
dominant over the double couple. The radiation pattern at high frequencies (40 Hz) is too complicated to be
represented by a first-order moment-tensor.

Forward Modeling by the Finite Difference Approach

The time domain finite-difference method has been one of the most widely used tools to simulate wave propagation
in 2-D and 3-D elastic media with spatial variations of elastic properties. Computational efficiency can be achieved
by sampling the physical space adaptively with a variable grid. However, the variable grid can introduce wave
distortion or numerical reflections due to phase change at the interface of two grids of different sizes (Browning et
al., 1973). Numerical reflections can be eliminated by taking extra averages of solutions at the grid interface.
However, wave distortion cannot always be avoided. Introducing a change in grid spacing may also adversely affect
the formal truncation error and the stability of the system (Crowder and Dalton, 1971). In our finite difference
algorithm, we apply a coordinate transformation, or stretching, to achieve effective variable grids in the physical
domain and uniform grids in the transformed domain (Huang, 2003). Because the computation is carried out on a
uniform grid, the formal truncation error and the stability properties of the finite-difference computation are
preserved.

Strong scattering from a near-source tunnel is simulated with the FDTD algorithm described above. Figure 1 shows
the 3-D geometry of the simulation model including a cylindrical tunnel. Simulations are also conducted with the
tunnel absent. The infinite formation is modeled by a finite volume of 3000 m by 3000 m by 1100 m in the x, y, and
z directions. Absorbing boundaries are placed at all six sides of the model to eliminate wave reflection. An
explosion source with a center frequency of 40 Hz is excited in the center of the model. The length and radius of the
cylindrical tunnel are 50 m and 15 m, respectively. The axis of the tunnel is parallel to the y axis of the Cartesian
coordinate. The distance between the source and the tunnel is 30 m. The formation is a perfect Poisson medium,
with compressional and shear wave velocities and density of 4000 m/s, 2300 m/s, and 2500 kg/m’, respectively.
Inside the tunnel, we assume a sound velocity of 340 m/s and a compressed air density of 200 kg/m®. The grid size
increases from 1 m near the source and cylinder tunnel to 10 m away from the source region. Examples of
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calculated seismograms are shown in Figure 2. The receiver plane is in the xy plane and 200 m above the source.
The seismograms are along a line parallel to the x axis. Computations are made for an explosion alone (without a
tunnel) and an explosion with a tunnel present.

The top row of Figure 2 shows the x and z components of the motion (velocity fields) when the tunnel is absent. As
expected, only P waves are generated. When the tunnel is present near the explosion source, strong scattering
occurs. The seismograms in the middle row of Figure 2 show that the strong shear waves are scattered from the
tunnel. To demonstrate the effect of scattering, we subtract the explosion only seismograms from those with the
explosion plus the tunnel. The bottom row of Figure 2 shows these strong scattered waves. These are both P and S
scattering, and scattered S waves are larger than P waves. SH waves are also observed, but their amplitudes are
much smaller than the x and z components.

The divergence and curl of the wavefield separate the compressional and shear components of the wavefield,
respectively. Figure 3 shows snapshots of the divergence and curl of the velocity field at 60 ms on the xz, yz and xy
planes passing through the origin of the coordinate system. One can clearly see the complex pattern of the
scattering. The curl is zero inside the tunnel. The snapshots of the xz plane and xy plane reveal the vertical and
horizontal cross section of the tunnel. The snapshot along the yz plane, parallel to the tunnel, shows the complexity
introduced by the finite length of the tunnel.

Understanding the patterns of scattered waves will help us choose appropriate models for inversion of the source
mechanism. In the xz plane, the shear wave energy is divided into four quadrants, and the shear waves are in-phase
in the diagonal quadrants. Shear waves in the half-space above and below the xy plane are 180° out of phase. The
disturbance to the P wavefield, caused by scattering, can also be seen in the divergence field, but the scattering
patterns are not as clear as those of the shear waves.

The presence of several tunnels creates very complicated scattered waves. Figure 4 shows one example of such a
model, where there are six intersecting tunnels 30 meters below the surface. Two components of the seismic motion

are shown.

Moment Tensor Inversion

We used synthetic seismograms with an explosion and a strong scatterer near the source to test the performance of
the first-order moment-tensor inversion. A simple frequency-domain inversion method was used (Stump and
Johnson, 1997; Li and Chen, 1996).

We used three sets of seismograms: explosion alone, explosion plus a tunnel, and a scattered field only. The
scattered signals were obtained by subtracting the pure explosion seismograms from the explosion plus tunnel
seismograms, as shown in the bottom row of Figure 2.

Figure 5 shows the results of the first-order moment-tensor inversion. For an explosion without a tunnel, only the
diagonal components of the moment-tensor (m11, m22, and m33) are nonzero. For an explosive source and a
nearby tunnel, the nondiagonal components appear, but the explosion term still dominates. Even with purely
scattered waves, the diagonal components of the moment-tensor are larger than the off-diagonal components. This
suggests the need of a more realistic representation of the source with the inclusion of a higher-order tensor
(Knopoff and Randall, 1970; Aki and Richards, 1980).

CONCLUSIONS AND RECOMMENDATIONS

Time domain finite-difference modeling of seismic waves from an explosion source in the presence of a nearby
tunnel shows a complex scattering pattern. The tunnel acts as a scatterer and a secondary source radiating both P
and S waves.

The results shown in this paper are for a high frequency source (40 Hz center frequency) in a relatively high-velocity
medium (Vp = 4000 m/s; Vs = 2300 m/s). A high-frequency source was chosen to test the stability of the variable
grid code. In addition, the high-frequency source provided high-resolution examples of the scattering phenomena.
New models are being computed in the 1-10 Hz frequency range to generate representative seismograms.
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Seismic waves generated by an explosion plus a strong scatter cannot be represented adequately by a single first-
order moment tensor. The performance of the first-order moment-tensor representation at low frequencies needs to
be tested.
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receivér plane

Source

Figure 1. The geometry skeleton diagram of the model discussed in this paper. The explosion source is set in
the middle of the model, coincident with the origin of the coordinates. A cylindrical tunnel is set 30
m away from the source, with radius of 15 m and length of 50 m. Its symmetric axis is parallel to the
y axis. The receivers are set in the plane 200 m above the source. The distance between the neighbor
receivers is 100 m. The medium parameters can refer to the context.
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Figure 2. Comparison of the x and z components of the velocity fields at the receiver plane in the absence and
the presence of the tunnel. Respective scattered velocity fields of the x and z components are also shown
in the bottom row of this figure.
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Figure 3. Snapshots of the divergence and curl of the velocity field from an explosion in the presence of a
near-source tunnel. The snapshots were taken at 60 ms after the explosion.
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Figure 4. An example of the scattered wave propagating in a complex tunnel structure. There are six
intersecting tunnels. Snapshots of Vx and Vz were taken above the model.
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Figure 5. The results of moment-tensor inversion for an explosion alone (left), an explosion with a nearby
cylindrical tunnel (middle), and pure scattered signals (right). Even for pure scattered signals, the
isotropic component is still dominant. The large amplitude of M13, relative to other two deviatoric
components M12 and M23, suggests that the radiation pattern could be related to the geometry
property of the tunnel.
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